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Edited by Francesc PosasAbstract Recent studies have shown that global gene expres-
sion during oxidative stress in Schizosaccharomyces pombe is
regulated by stress-induced activation and binding of Csx1 to
atf1+ mRNA. However, the kinase responsible for the activation
of Csx1 has not been identiﬁed. Here, we describe, for the ﬁrst
time, that Csx1 is phosphorylated by S. pombe LAMMER
kinase, Lkh1, under oxidative conditions and that the stress-
activated binding of the Csx1 to the atf1+ mRNA was also
aﬀected by Lkh1 and Spc1. These data indicate that concerted
actions of Spc1 and Lkh1 are required for the activation of
Csx1 during oxidative condition in the ﬁssion yeast S. pombe.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Schizosaccharomyces pombe1. Introduction
The mitogen-activated protein kinase (MAPK) signaling
pathways are important to allow cells to respond to changes
in their environment [1,2]. In the ﬁssion yeast Schizosaccharo-
myces pombe, a single member of the stress-activated protein
kinase (SAPK) family has been identiﬁed. The Spc MAPK
pathway is required for cellular responses to many adverse
stimuli, including oxidative stress, osmotic stress, heat stress,
heavy metal toxicity, and DNA-damaging agents such as UV
light [3–8]. Spc1 activation in response to oxidative stress leads
to induction of various genes (such as ctt1+, sod1+) through
activation of two bZip transcription factors, Atf1 and Pap1
[4,5]. The Pap1 protein does not seem to be a direct target of
Spc1 [9], whereas Atf1 interacts with and is phosphorylated
by the Spc1 in response to oxidative stress [9].
Lkh1, the LAMMER kinase homolog in S. pombe, has a
dual-speciﬁcity kinase activity. The lkh1+ deletion mutant is
sensitive to oxidative stresses such as increased H2O2, and
the sensitivity to oxidants is caused by reduced levels of
atf1+ mRNA, which in turn results in the decrease of antioxi-
dant enzyme (Ctt1 and SOD1) activity owing to reducedAbbreviations: SDS–PAGE, sodium dodecyl sulfate–polyacrylamide
gel electrophoresis; PVDF, polyvinylidene diﬂuoride; RT-PCR, reverse
transcriptase-polymerase chain reaction
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doi:10.1016/j.febslet.2007.06.053expression [10]. Recently, the Csx1 protein containing three
RNA-recognition motifs has been reported to bind directly
to the atf1+ mRNA in response to oxidative stress, but not
other stresses, and to maintain normal levels of Atf1 by stabi-
lizing the atf1+ mRNA under oxidative-stress conditions [11].
Although the Csx1 is phosphorylated by the Spc1 in response
to oxidative stress, diﬀerent combinations of the phosphoryla-
tion site mutations show no apparent eﬀect on the Csx1 func-
tion, indicating involvement of other types of regulatory
machinery for the Csx1 function under oxidative stress [11].
It is of interest that the expression pattern of the atf1+ in the
lkh1D mutant is similar to that of the csx1D mutant under oxi-
dative stress [10,11]; therefore, we decided to test whether
Lkh1 can interact with and phosphorylate Csx1.
Our results presented here clearly show that Lkh1 is another
kinase that interacts with and phosphorylates the Csx1 in re-
sponse to oxidative stress. To our knowledge, this is the ﬁrst
report of the identiﬁcation of the in vivo substrate of LAM-
MER kinase in eukaryotic microorganisms.2. Materials and methods
2.1. Strains and growth conditions
All S. pombe strains used in this study are listed in Table 1. The rich
medium was YES, and the selective medium was Edinburgh synthetic
minimal medium (EMM) with appropriate supplements [12]. Cells
were grown at 30 C. Standard techniques for ﬁssion yeast molecular
genetics were used, following Moreno et al. [12].2.2. Plasmid construction
For bacterial two-hybrid analysis, full-length (fLkh1) and N-termi-
nal truncated Lkh1 (tLkh1) DNA sequences were ampliﬁed by PCR
using speciﬁc primer sets (for ﬂkh1: lkh1-a3 and lkh1-b3, for tlkh1:
lkh1-a4 and lkh1-b3) and cloned into EcoRI–BamHI sites of the bait
vector pBT (Stratagene, USA), respectively. pBT/nlkh1, which con-
tained the gene for the Lkh1 N-terminal domain (nLkh1), was con-
structed by digesting pBT/ﬂkh1 with XhoI and self-ligation. Prey
csx1+ was constructed by cloning a 1899-bp NotI–XhoI fragment
ampliﬁed with the primer (csx1-a3 and csx1-b2) into the pTRG vector
(see Table 2).
To generate pESP/csx1+ for production of the Flag-tagged GST-fu-
sion form of Csx1, csx1+ was ampliﬁed with the primers csx1-up and
csx1-dn, and was cloned into SmaI sites of the pESP (Stratargene,
USA). Recombinant plasmid pREP1/Flag-csx1+-His was constructed
by cloning recombinant csx1+ ampliﬁed using pESP/csx1+ as a tem-
plate with the ﬁrst primer set (ﬂag-s and csx1-h-b1) for Flag-tag and
then the second primer set (ﬂag-s and ﬁp-h-b9) for His-tag into SalI–
SmaI sites of pREP1. To express the GST-fusion form of fLkh1 and
tLkh1 in Escherichia coli BL21, ﬂkh1+ and tlkh1+ ampliﬁed with spe-
ciﬁc primer sets (for ﬂkh1+; lkh1-a3 and lkh1-b2, for tlkh1+; lkh1-a4
and lkh1-b2) were cloned into EcoRI–XhoI sites of pGEX4T-1 (Amer-
sham-Pharmacia, USA), respectively. For the expression of His-taggedblished by Elsevier B.V. All rights reserved.
Table 2
Primers used in this study
Name Sequence (50–30)a Enzyme site
lkh1-a3 CCAGAATTCGCATTCCTTAAAACGTCGT EcoRI site
lkh1-b2 CGACTCGAGTCACAAATTTGAAGAAAT XhoI site
lkh1-b3 AGTGGATCCTCACAAATTTGAACAAAT BamHI site
lkh1-a4 CCAGAATTCCGTCGACCGCCTAAATGTT EcoRI site
csx1-a1 CCAGAATTCTCTATTGACTGCCTTTAT EcoRI site
csx1-b1 CGACTCGAGTTATGAATCGCGTGACAA XhoI site
csx1-a3 TATGCGGCCGCTAAATTATTTTTATGATG NotI site
csx1-b2 CGACTCGAGTGAATCGCGTGACAAGCG XhoI site
csx1-up CCACCCGGGTCTATTGACTGCCTTTAT SmaI site
csx1-dn CGACCCGGGTTATGAATCGCGTGACAA SmaI site
Fﬂag-s CCAGTCGACTGACTACAAGGATGACGAT SalI site
csx1-h-b1 GTGATGATGATGATGATGTGAATCGCGTGACAAGCG
ﬁp-h-b9 CGACCCGGGTTAGTGGTGGTGGTGGTGGTGGTGATGATGATGATGATG SmaI site
atf1-c CAAGTCAGTGCATTACGTGAG
atf1-pb2 AGCAAGATCACCGCTTCCGAT
act-c TCTGTCTGGATTGGTGGA
act-b1 TTAGAAGCACTTACGGTAAAC
aRestriction enzyme sites included are emboldened. Sequence of histidine tag is underlined and emboldened.
Table 1
S. pombe strains used in this study
Strains Genotype Source
ED665 hade6-M210 leu1-32 ura4-D18 Our stock
PHM5L hade6-M210 leu1-32 ura4-D18 Dlkh1::leu2+ Our stock
EH hade6-M210 leu1-32 ura4-D18 lkh1+-His(x12) This study
EHC hade6-M210 leu1-32 ura4-D18 Dcsx1 lkh1+-His(x12) This study
EHS hade6-M210 leu1-32 ura4-D18 lkh1+-His(x12)Dspc1::ura4+ This study
EHCL hade6-M210 leu1-32 ura4-D18 Dcsx1D lkh1::ura4+ This study
EHCS hade6-M210 leu1-32 ura4-D18 Dcsx1D spc1 lkh1+-His(x12) This study
EHCSL hade6-M210 leu1-32 ura4-D18Dcsx1D spc1Dlkh1::ura4+lkh1+-His(x12) This study
3474 W.-H. Kang et al. / FEBS Letters 581 (2007) 3473–3478Csx1 in E. coli, csx1+ was ampliﬁed with the speciﬁc primer set csx1-a1
and csx1-b1, then cloned into EcoRI–XhoI sites of pET32a (Novagen,
USA).
2.3. Protein interaction and enzyme assays
In vitro interactions of the proteins were analyzed with bacterial
two-hybrid system (BacterioMatch, Stratagene). Report assay for anti-
biotics (ampicillin) and measurement of speciﬁc b-galactosidase activ-
ity were performed as described [13,14]. In vivo interaction between
Lkh1 and Csx1 were performed using pull-down assay of nickel-
charged bead as described [15]. Flag- and His-epitope were detected
using mouse monoclonal antibody (Flag: Sigma, F3165 and His: Sig-
ma, H1029), respectively. Phosphatase treatment was carried out using
50 units of CIAP (Takara, Japan) on the precipitated Csx1-Flag as
substrates. Using puriﬁed GST-fLkh1 (100 ng) or GST-tLkh1 (1 lg)
mixed with recombinant Csx1 (500 ng) in 30 ll of kinase buﬀer,
in vitro kinase activity of Lkh1 toward Csx1 was assayed and detected
as described [16].
2.4. Co-precipitation of Flag- and His-tagged Csx1 with atf1+ mRNA
The lkh1D, spc1D and lkh1Dspc1D mutant strains, expressing Flag-
and His-tagged Csx1 under control of the nmt1 promoter, were grown
in EMM with or without H2O2. For the measurement of total atf1
+
mRNA in the cells, RNAs prepared with the RNeasy Mini Kit (Qui-
agen, Germany) were subjected to DNase treatment (NEB, UK) and
M-MLV (USB, USA) for single-stranded cDNA synthesis with oli-
go(dT), and then used for real-time quantitative PCR as described pre-
viously [17]. The Csx1 and RNA complexes prepared as described
[10,15] were treated with acid phenol to extract RNAs, and used to
synthesize single-strand cDNAs with the speciﬁc primer atf1-pb2.
The PCR and real-time quantitative PCR using the single-stranded
cDNAs were performed with the primers speciﬁc to the C-terminal re-
gion of atf1+ (atf1-c and atf1-pb2). The b-actin-speciﬁc primers (act-a2
and act-b1) were used as negative controls for the PCR.3. Results
3.1. Lkh1 interacts with RNA-binding protein Csx1
We have previously reported that the Lkh1-deletion mutant
PHM5L is sensitive to oxidative stresses such as increased
H2O2. The sensitivity of the mutant to oxidant (H2O2) was
caused by reduced levels of atf1+ mRNA, the protein product
of which modulates the expression of antioxidant enzymes such
as catalase and superoxide dismutase in response to oxidative
stress [10]. Therefore, we examined whether the reduced level
of atf1+ mRNA in the Lkh1-deletion mutant was due to the ac-
tions of kinases in the Spc1MAPK pathway. There were no dif-
ferences in the levels of transcripts of Mcs4, upstream response
regulator of the Spc1 MAP kinase pathway, and kinases in the
Spc1 MAPK module such as Spc1 (MAPK), Wis1 (MAPKK),
Wik1 (MAPKKK), and Win1 (MAPKKK) between the wild
type and PHM5L cells (data not shown). These results indicate
that, in PHM5L cells, the reduction in atf1+ mRNA in response
to oxidative stress is not related to the expression of compo-
nents of the Spc1 MAPK pathway, which is known to be in-
volved in oxidative-stress response [4,7,9].
Recently, Csx1, a RNA-binding protein, has been reported
to regulate the expression of most genes involved in oxida-
tive-stress responses. During oxidative stress, the Csx1 phos-
phorylated by Spc1 directly binds to atf1+ mRNA, and
increases the stability of atf1+ mRNA, thereby protecting
against the action of the ribonuclease activated by oxidative
stress [11]. Interestingly, we found that the expression pattern
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Fig. 1. The interaction between Lkh1 and Csx1 is enhanced by the N-terminal domain of Lkh1 in the BacterioMatch two-hybrid system. Constructs
of lkh1+ on bait vector (pBT) were co-transformed with the csx1+ gene on prey vector (pTRG). Transformants were grown on the plates with or
without ampicillin (100 lg) to reveal the protein-interaction with bacterial growth. The b-galactosidase activity of transformants was assayed as
described in Section 2.
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Fig. 2. Csx1 is phosphorylated by Lkh1 in vitro. His-tagged Csx1
expressed E. coli was puriﬁed and mixed with GST-fLkh1 and GST-
tLkh1 fusion proteins in the presence or absence of [c-32P]ATP. After
incubation at 30 C for 30 min, the reactions were stopped by addition
of 5X SDS–PAGE sample buﬀer, and then resolved by 10% SDS–
PAGE. Each sample was resolved on two gels: one gel was stained with
Coomassie Brilliant Blue R250 solution (A, lower panel) and the other
gel was transferred to a PVDF membrane and autoradiography was
performed (A, upper panel). The density of bands was measured with
Fluorchem 8900 (B). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the web version of this
article.)
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tant cells under oxidative conditions [10,11], indicating that
Lkh1 may phosphorylate and interact with Csx1. To test these
observations, the interaction between Lkh1 and Csx1 was ana-
lyzed using a bacterial two-hybrid system. As shown in Fig. 1,
the plate assay showed fLkh1 and nLkh1 to have strong inter-
actions with Csx1 but not tLkh1. The b-galactosidase assay
found that speciﬁc activities of fLkh1 and nLkh1 were three-
and two-fold higher than that of tLkh1, respectively. These
data indicate that the interaction between Lkh1 and Csx1 is en-
hanced by the N-terminal region of Lkh1.
3.2. Lkh1 phosphorylates Csx1 in vitro
Csx1 interacts with Lkh1 in a two-hybrid system; therefore,
we examined whether Lkh1 phosphorylates Csx1 in vitro. As
shown in Fig. 2, GST-fLkh1 and GST-tLkh1 fusion proteins
were found to autophosphorylate and phosphorylate recombi-
nant Csx1 (Fig. 2A and B). The Csx1 phosphorylation and
autophosphorylation activities of fLkh1 were eight- and
four-fold greater than those of tLkh1, respectively, indicating
that the N-terminal non-catalytic domain of Lkh1 has a coop-
erative role in binding and phosphorylation of Lkh1 to Csx1.
3.3. Interaction between Lkh1 and Csx1 is increased by
oxidative stress
An in vitro interaction between Lkh1 and Csx1 was con-
ﬁrmed by a bacterial two-hybrid system (Fig. 1), so we then
examined the interaction between Lkh1 and Csx1 under oxida-
tive and non-oxidative stress conditions in vivo (Fig. 3). With
total protein extracts from the EHC (csx1D) cells with pESP/
csx1+ grown in the presence and absence of 1 mM H2O2,
Csx1 was detected with no diﬀerence but Lkh1 was barely de-
tected. Csx1 co-precipitated by pull-down assay with His-Lkh1
bound to nickel-charged beads revealed weak interaction with
Lkh1 in the absence of 1 mM H2O2, but strong interaction un-
der oxidative conditions, indicating that Lkh1 is involved in
the oxidative-stress response by interacting with Csx1 in vivo.
3.4. Lkh1 phosphorylates Csx1 in response to oxidative stress
As Lkh1 has been shown to phosphorylate Csx1 in vitro, we
examined whether Lkh1 phosphorylates Csx1 in response to
oxidative stress in vivo. Immunoblot analyses revealed multi-ple electrophoretic-mobility species of Csx1 in EHC (csx1D),
EHCL (csx1Dlkh1D), and EHCS (csx1Dspc1D) cells, which
were manipulated to generate Flag- and His-tagged Csx1
(Flag-Csx1-His) under the control of nmt1 promoter, in re-
sponse to oxidative stress (Fig. 4A), indicating that Csx1 might
be phosphorylated by both Spc1 and Lkh1 in vivo. The levels
of multiple electrophoretic-mobility species of Csx1 in EHCL
cells were increased during a 15-min period after oxidative-
Fig. 3. Csx1 is co-precipitated with Lkh1 under oxidative conditions.
EHC (csx1D) cells with integrated Lkh1-His were transformed with
pESP/Flag-Csx1-GST and then grown in EMM medium with or
without 1 mM H2O2. For pull-down assay, total protein extracts
(1 mg) were treated with nickel-charged beads, washed extensively,
subjected to SDS–PAGE, and immunoblotted with anti-Flag (upper
panel) or anti-His antibodies (lower panel).
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EHCS rapidly decreased 15 min after oxidative stress. Flag-
Csx1-His puriﬁed from EHC, EHCL, and EHCS after 15-
min oxidative-stress treatment were treated with CIAP and
analyzed (Fig. 4B). None of the proteins with slower mobility
were visible, indicating that slower mobility is caused by phos-
phorylation. These results indicate that Lkh1, in addition to
Spc1, also participates in phosphorylation of Csx1 under oxi-
dative-stress conditions in vivo.
3.5. Csx1 interacts with atf1+ mRNA in response to oxidative
stress in lkh1D, spc1D, and lkh1Dspc1D mutants
The RNA-binding protein Csx1 binds to atf1+ mRNA in re-
sponse to oxidative stresses such as H2O2 but not other stresses
[11]. Therefore, we tested whether Csx1 binds to atf1+ mRNA
in the lkh1D, spc1D, and lkh1Dspc1D mutants containing
pREP1/Flag-csx1+-His. Binding of Csx1 to atf1+ mRNA was
analyzed by reverse transcriptase-polymerase chain reaction
(RT-PCR) and real-time quantitative RT-PCR using mRNAs
co-precipitated with Flag-Csx1-His bound to nickel-charged
beads in the presence and absence of 1 mM H2O2 (Fig. 5B
and C). To test whether RNA co-precipitated by Csx1 was
contaminated with chromosomal DNA, co-precipitates were
PCR ampliﬁed using b-actin-speciﬁc primers; however, no
ampliﬁcation of the b-actin gene was detected (Fig. 5B, lowerFig. 4. The slower electrophoretic-mobility species of Csx1 are not present in
EHCL (csx1Dlkh1D) and EHCS (csx1Dspc1D) cells with pREP/Flag-Csx1-Hi
15, 30, and 60 min in the presence of. 1 mM H2O2. Total proteins extracted fr
Flag (A, upper panel) or anti-actin antibodies (A, lower panel). Total protei
nickel-charged beads and treated with CIAP in the presence or absence of ipanel). The abundance of atf1+ mRNA was measured by real-
time quantitative RT-PCR in the various strains under oxida-
tive conditions. As shown in Fig. 5A, the amount of atf1+
mRNA in wild type (EHC with csx1+), csx1D mutant (EHC
without csx1+), and lkh1Dmutant (EHCL) was increased in re-
sponse to oxidative stress, however, the level of fold increase in
csx1D mutant and lkh1D mutant was lower than that of wild
type, indicating that both Csx1 and Lkh1 modulate the abun-
dance of the atf1+ mRNA in response to oxidative stress.
Notably, no increase of atf1+ mRNA was observed in the
spc1D mutants, EHCS and EHCSL, as previously reported
[11]. In the EHC cells, the interaction between Csx1 and
atf1+ mRNA was only shown in the presence of 1 mM
H2O2, but not in the absence of 1 mM H2O2 (Fig. 5B upper
panel). Although the interactions in EHCL and EHCS cells
were reduced by two- and three-fold compared with that in
EHC cells, respectively, the interactions were still oxidative-
stress dependent (Fig. 5B and C). In the EHCSL cells, the
interaction was approximately ten- and three-fold lower than
that in EHC or EHCS cells, respectively (Fig. 5C). These re-
sults indicate that the stability and thus abundance of atf1+
mRNA under oxidative-stress conditions is directly aﬀected
by both Spc1 and Lkh1 via phosphorylation of Csx1.
To test the sensitivity of the deletion mutants to oxidative
stress, mutants grown in the presence of 1 mM or 10 mM
H2O2 for 1 h were plated on YES (Fig. 6). EHC cells were less
sensitive to 1 mM H2O2 than PHM5L and EHS cells. The sen-
sitivity of PHM5L cells was similar to that of EHCL cells in
1 mM H2O2, but not in 10 mM H2O2. EHCS cells were more
sensitive to oxidative stress than EHC, EHS, and EHCL cells
in both 1 mM H2O2 and 10 mM H2O2. Although vigorous
experiments are needed to understand the regulatory mecha-
nism for the H2O2 concentration-dependent response mediated
by Csx1, Lkh1, and/or Spc1, it is noteworthy that the sensitiv-
ities of EHCS cells to 1 mM and 10 mM H2O2 were similar to
those of EHCSL cells, indicating that Lkh1 may be regulated
by Spc1.4. Discussion
Lkh1 had a strong interaction with Csx1 in a two-hybrid
analysis and the interaction seemed to be enhanced by thelkh1D and spc1D mutants in response to oxidative stress. EHC (csx1D),
s were grown in EMM medium to mid-log phase, then incubated for 0,
om cells were subjected to SDS–PAGE and immunoblotted using anti-
ns from cells treated with 1 mM H2O2 for 15 min were precipitated by
nhibitors, and immunoblotted using anti-Flag antibody (B).
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with the results from the two-hybrid analysis, Lkh1 had higher
Csx1-phosphorylation activity than did the N-terminal trun-
cated form of Lkh1, tLkh1 (Fig. 2A and B). Using myelin ba-
sic protein as a substrate, the kinase activity of the N-terminal
truncated Clk1, which is a rat LAMMER family kinase, is
greater than that of full-length Clk1 [16], indicating that the
N-terminus of Clk1 has a negative regulatory action. In con-
trast to Clk1, N-terminal domain of Lkh1 increases phosphor-
ylation of and interaction with Csx1 in vitro.
The in vivo interaction between Lkh1 and Csx1 was in-
creased in response to oxidative stress but not in non-oxidativestress conditions (Fig. 3). Moreover, deletion of spc1+ did not
abolish the oxidative-stress-dependent interaction between
Lkh1 and Csx1 (data not shown). Recently, RNA-binding pro-
teins involved in the stability of atf1+ mRNA in response to
oxidative stress have been identiﬁed. Cip1 and Cip2 proteins
are associated with Csx1 via atf1+ mRNA, and cip1D and
cip2D mutants restore the sensitivity of csx1D mutants to oxi-
dative stress [18]. Upf1 and Upf2, which are RNA helicases,
are components of the nonsense-mediated mRNA decay sys-
tem. These proteins are not associated with atf1+ mRNA,
but upf1D and upf2D mutants are sensitive to oxidative stress,
like the csx1D mutant [19]. Further studies to determine the
relationship between Lkh1 and the Cip and Upf proteins
should improve our understanding of the function of Lkh1 un-
der oxidative-stress conditions.
In vivo, Csx1 was shown to be phosphorylated in both lkh1
D mutants and spc1D mutants during a 15-min period after
oxidative-stress treatment. After 15 min, the phosphorylated
forms of Csx1 disappeared. However, levels were maintained
in EHC cells (Fig. 4A and B), indicating that both Spc1 and
Lkh1 are involved in Csx1 phosphorylation in response to oxi-
dative stress. Furthermore, in lkh1D or spc1D mutants, the
phosphorylated forms of Csx1 were rapidly degraded in re-
sponse to oxidative stress, indicating that phosphorylation of
Csx1 by Spc1 and Lkh1 is required to maintain the stability
of Csx1 and atf1+ mRNA under oxidative-stress conditions.
The binding of Csx1 to atf1+ mRNA was aﬀected by both
Lkh1 and Spc1 and was found to be oxidative-stress dependent
(Fig. 5B and C), as previously reported by Rodriguez-Gabreil
et al. [11]. As shown in Fig. 5A, mutant strains with at least
one gene-deletion, such as csx1D, lkh1D, and spc1D, showed
decrease of atf1+ mRNA abundance compare to that of wild
type in response to oxidative-stress. Therefore, the reductions
in atf1+ mRNA levels in the mutant cells are due to reduced
Csx1 binding to atf1+ mRNA under oxidative-stress condi-
tions (Fig. 5C), which in turn makes the mutant cells sensitive
to oxidative-stress conditions (Fig. 6).
When single-, double-, and triple-deletion mutants of lkh1+,
csx1+, and spc1+ were tested, all of the mutant cells showed
sensitivity to oxidative stresses, but to diﬀerent extents
(Fig. 6). Single-deletion mutants, such as PHM5L, EHC, and
EHS cells, had similar sensitivities to 1 mM H2O2, but EHS
3478 W.-H. Kang et al. / FEBS Letters 581 (2007) 3473–3478cells showed higher sensitivity to 10 mM H2O2 than other sin-
gle mutants. In double- and triple-deletion mutants, sensitivity
to 10 mM H2O2 was markedly increased by the spc1
+ deletion.
As Spc1 MAPK directly interacts with and phosphorylates the
transcription factor Atf1 under oxidative-stress conditions
[9,20], the hypersensitivity of EHS, EHCS, and EHCSL cells
might be due to impairment of the actions of Spc1 on Csx1
and Atf1 under oxidative-stress conditions. Thus, Spc1 is in-
volved in responses to a wide range of H2O2 concentrations;
however, Lkh1, disruption of which led to higher sensitivity
to 0.3 mM than 10 mM H2O2 [10], may be involved in the oxi-
dative-stress response to low concentrations of H2O2. The sen-
sitivities of EHCS cells to both 1 mM and 10 mM H2O2 were
similar to those of EHCSL cells, indicating that the action of
Lkh1 may be mediated by the Spc1 MAPK pathway. Further
studies are required to conﬁrm the relationship between Lkh1
and Spc1 MAPK in the response to oxidative stresses.
In conclusion, our results presented here demonstrate that
Lkh1 is involved in the oxidative-stress response of the ﬁssion
yeast S. pombe, by regulating Csx1 activity by phosphorylation
and direct interaction. Further studies to determine the Csx1
sites that are phosphorylated by Lkh1 and to investigate the
concerted action of Lkh1 and Spc1 in response to oxidative
stress will help us to understand the function of the LAMMER
kinase Lkh1 in ﬁssion yeast.
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